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A new type apparatus for shear-ﬂow coupling test, named coupled shear-ﬂow-visualization apparatus,
was developed to investigate the hydromechanical behavior and the fracturing process of intact soft
sedimentary rock. With this apparatus, it is possible to simultaneously carry out direct shear test and
constant head ﬂow test, and also to observe specimen surface during the experiment. Under controlled
shear load, normal load, ﬂow rate and shear displacement can be obtained as raw data. Moreover,
fracture area and fracture apertures can be estimated using image-processing techniques. The shear and
normal stress capacities of load cells are 4.08 MPa and 3.33 MPa, respectively. The measurable maximum
permeability of apparatus is about 5.8010−3 cm/s under a hydraulic gradient of 40 cm/cm. According to
the observation of visible fractures on specimen surface, the fractures were not completely propagated at
the peak of shear stress. The developed testing method with image processing techniques enabled us to
analyze the relationships between fracture ﬂow rate, hydraulic aperture and two fracture apertures
deﬁned in this study.
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
Understanding of deformation-related ﬂuid ﬂow is required to
various research ﬁelds for example, shale as cap rock of hydro-
carbons, underground excavation ﬁeld for a radioactive waste
repository, or stimulation of tight gas ﬁelds, or stimulation of hard
rock in geothermal reservoirs, etc. Although rock mass with fewer
fractures is carefully selected to build underground facility, newly
created fractures due to underground excavation cause mechanical
and hydrological problems around the excavated space [1,2].
Especially, excavation damaged zone (EDZ) [3] that is formed
along the underground excavated space has the potential to create
pathways for water ﬂow. If hazardous substance such as radio-
active waste leaks through the fractures from repository to human
environment, the EDZ can raise serious problems.
The EDZ fractures are generated through a variety of mechan-
isms (e.g. tensional, shear or mixed deformation) with various
scales (size, frequency, distance from tunnel wall, etc.) [4–6]. In the
Mont Terri Rock Laboratory of Switzerland, Thury and Bossart [7]r Ltd.
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Open access under CC BY license.performed their case study, mapping unloading joints in EDZ using
ﬂuorescene-doped epoxy resin. Resin-ﬁlled joints were observed
in the drill cores from boreholes to depths of about 80 cm from the
tunnel wall. Bossart et al. [6] presented a structural data set of
fracture orientations, frequencies and extent of the EDZ in a newly
excavated side niche. Tomita et al. [8] reported spalling and core
disking phenomena in a research gallery of 100 m underground
located at Rokkasho in Aomori prefecture of Japan. Most of these
researches are involved with newly created fractures in EDZ. It is
fundamental to understand the process of fracture initiation and
propagation in intact rock to understand the in situ behavior of
hydromechanical properties. According to the conceptual model of
EDZ by Bossart et al. [9], the stress relief due to underground
excavation forms unloading joints parallel to the tunnel wall. On
the other hand, shear fractures are also created in conjunction
with the unloading joints. These fractures induced by shear
deformation connect the neighboring unloading joints that are
isolated in the beginning of EDZ formation.
We focused on the fractures due to shear deformation that
mainly inﬂuence the ﬂow rate change in EDZ. First of all, a test
apparatus called coupled shear-ﬂow-visualization apparatus was
developed by Saitama University of Japan to perform the shear-
ﬂow coupling test and visualize the entire shearing process
simultaneously. The relationships between shear stress, normal
stress, water ﬂow rate and fracture apertures were comprehen-
sively investigated.
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nents of the developed test apparatus that improves conventional
shear-ﬂow coupling test. Section 3 presents the application and
the experimental results of the developed test apparatus to intact
soft sedimentary rock. In Section 4, we discuss about relationships
between the obtained data.A
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E
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Fig. 1. Schematic of shear-ﬂow-visualization coupling test apparatus (side view).
(A) Shear-normal loading unit, (B) shear load cell, (C) linear variable differential
transformer (LVDT), (D) controller, (E) electronic motor, (F) water tank (constant
head), (G) CCD camera, (H) electronic balance.
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Fig. 2. Schematic of shear-normal loading unit (plane view, specimen size: length
60 mm, width 40 mm, height 20 mm).2. Development of coupled shear-ﬂow-visualization apparatus
2.1. Previous studies
The shear-ﬂow coupling tests are classiﬁed into two different
groups, depending on whether a specimen with a naturally (or
artiﬁcially) generated single fracture or an intact specimen is
employed. Simple-shear type instruments [10–12] and rotary
shear type instruments [13,14] were used to examine specimen
with a single fracture, whereas the conventional triaxial test
apparatus [15–17] was mostly used to assess intact specimen.
Recently, a new direct shear apparatus [18,19], which can be
applied to intact samples, has been introduced. Esaki et al. [11]
compared mechanical aperture and hydraulic aperture using a
shear-ﬂow test apparatus of their own design. They indicated that
Barton’s model [20] is not able to predict the change of joint
hydraulic conductivity during residual shear deformation. Zhang
et al. [21] pointed out several problems of shear-ﬂow coupling
method with mentioning advantages and disadvantages of direct-
shear testing methods and indirect-shear testing methods. They
suggested preconditions for advanced shear-ﬂow coupling test
apparatus as follows: (i) it must be possible to carry out the
hydraulic conductivity test during the entire experiment. In addi-
tion the shear strain needs to be measured, (ii) water ﬂow
direction and shear plane must be clearly deﬁned, (iii) structure
of apparatus and test procedure must be simpliﬁed and accuracy
must be guaranteed as high as possible, (iv) it must be ﬂexible to
diverse ﬂow tests, (v) volume loss or erosion must be inhibited in
the case of weak material.
In spite of the difﬁculties to observe fracturing process in rock,
many researchers have tried to develop several test apparatus. For
example, Means [22] has used transmitted light photomicrographs
to perform a deformation experiment with a thin slab of granular
material. Iwamatsu and Yamada [23] have challenged the direct
observation of rock fracturing with the bore-scope that was
installed in high-pressure vessel. Also, some researchers executed
the observation using scanning electron microscope (SEM) [24–26]
or stereomicroscope [27], and other recent studies acquired
continuous data from charge-coupled device (CCD) camera
[28,29]. For capturing of ﬂow through rock joint, Jiang et al. [28]
designed replica rock joints consisted of a transparent epoxy rock
that was covered with a natural joint surface.
2.2. Coupled shear-ﬂow-visualization apparatus
Even though it is difﬁcult to satisfy all the preconditions as
Zhang et al. suggested that the developed test apparatus responds
to the preconditions as follows: (i) the entire test includes
constant-head ﬂow test. The shear strain is obtained from an
image processing using the CCD images. Enough shear distance is
secured to make it possible that shear stress value reaches to the
residual strength, (ii) the specially designed shear frames are used
to gain the center located fractures. The water ﬂow direction is set
in the direction from the bottom of specimen to the top, (iii) the
simple shear type is considered to simplify the test and to visualize
fractures, (iv) the new apparatus allows the constant-head
method, (v) further consideration is still needed for the volume
loss or erosion during shear-ﬂow coupling test.One of the main characteristics of the developed test appara-
tus is to observe specimen surface directly during the test. Fig. 1
presents the schematic of coupled shear-ﬂow-visualization appa-
ratus. It consists of a shear-normal loading unit, a ﬂow testing unit
and a digital image recording unit.2.2.1. Shear-normal loading unit
The shear-normal loading unit (Fig. 2) has two L-shaped shear
frames that are the same height (20 mm) as specimen. Each frame
has 901 wedge to create fractures in the middle of specimen.
Therefore, the wedges of shear frames, the center of specimen and
the shear load cell are arranged on the same axis. One load cell
(capacity 4.9 kN) and two load cells (capacity 2.0 kN each) are
used to measure shear loading and normal loading, respectively.
According to the capacities of load cells and specimen size, the
ranges of shear stress and normal stress are 4.08 MPa and
3.33 MPa. The friction between shear frames does not occur since
they are fully separated. The slider reduces friction between the
shear frame and the normal loading plate. The displacement of
shear frame can be measured with a linear variable differential
transformer (LVDT). The normal loading plates are bounded
manually by four beams. Thus, the normal directional expansion
is restricted. Note that the normal stress was not servo-controlled
in this study. The required specimen shape is a rectangular
parallelepiped in 60 mm  40 mm  20 mm size.
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Fig. 3. Schematic of ﬂow testing unit and specimen setting.
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Fig. 4. Schematic of digital image recording unit.
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Fig. 5. Shear and normal stress behaviors during shear-visualization test for dry
specimen (shear displacement; A: 0.25 mm, B: 0.89 mm, C: 1.10 mm, D: 1.71 mm).
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In Fig. 3, schematic of the ﬂow testing unit and the cross-
sectional view of specimen setting are shown. We employed the
constant head method to keep continuous water ﬂow. The direc-
tion of water ﬂow is from bottom to top of specimen. The urethane
tube in 4 mm inside diameter is used to handle large amounts of
water ﬂow due to fractured specimen. The electronic balance
(capacity: 6200 g, readability: 0.01 g) measures the ﬂow rate for
every second at water outlet. The hydraulic gradient in this study
is about 40 cm/cm. The ﬂow rate without specimen is about
7.52 cm3/s (measurable maximum permeability: 5.8010−3 cm/
s). Before the test, specimens are coated with silicone rubber
except top and bottom surfaces to avoid water leakage. Then, the
specimen is water-saturated. We used deaerated water for the test
and the saturation of specimen. Two ﬂexible gel sheets (a kind of
elastomer; thickness: 3 mm, hardness: 0, speciﬁc gravity: 0.8;
Kiharasangyo, Inc.) are placed between acryl plates and specimen
edges in order to prevent water leakage and reduce friction
between acryl plate and the specimen. The gel sheets have a
rectangular window (size: 40 mm  20 mm) in the center for
water ﬂow. It was conﬁrmed that there was no water leakage
between the gel sheets and silicone rubber coating until shear
displacement reached about 3.3 mm through a test, using a saw
cut specimen.
2.2.3. Digital image recording unit
In order to observe the specimen surface directly, CCD camera
system (CV2000, KEYENCE Co. Japan) is employed. The schematic
of digital image recording unit is presented in Fig. 4. The entire test
is recorded at 1 frame per second on 512  480 pixel digital
image. The recorded images are then used for image processing to
estimate fracture area and fracture aperture.3. Application to intact soft sedimentary rock
3.1. Shear-visualization test
Before the shear-ﬂow-visualization coupling test, we con-
ducted a trial run named shear-visualization test using a dryspecimen with a double purpose of investigating strain behavior
and checking out the system. In this test, the silicone rubber
coating was omitted.
3.1.1. Specimen properties and experimental procedure
Intact soft sedimentary rock (pumice tuff) from Japan was used
in this study. The unconﬁned compressive strength and the tensile
strength, which were obtained using cylindrical samples (diameter
60 mm, height 120 mm), are 2.07 MPa and 0.17 MPa, respectively.
The dry density (1.02 g/cm3), the wet density (1.55 g/cm3) and
the porosity (52.7%) were measured from the rectangular paralle-
lepiped samples (60 mm  40 mm  20 mm). The hydraulic
conductivity of intact sample (cylindrical; diameter 60 mm, height
120 mm) which was measured by triaxial rig is about 510−6 cm/
s at 0.1 MPa conﬁning pressure and 0.03 MPa hydraulic pressure.
The hydraulic conductivity of rectangular sample using the new
apparatus without conﬁning pressure is about 4.7510−5 cm/s.
One rectangular parallelepiped specimen was dried up in 60 1C for
24 h in the oven, and then cooled down to the room temperature.
A strain gauge (strain rosette [30]) was attached to the center of
bottom surface of specimen. Digital image recording of top surface
was carried out simultaneously. Primary normal stress and shear
loading rate were 0.7 MPa and 0.1 mm/min, respectively.
3.1.2. Experimental results
The changes of shear stress and normal stress with shear
displacement are shown in Fig. 5. The shear stress reaches the
peak (point B) at 0.89 mm of shear displacement and then it
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Fig. 6. Relationship between shear stress and normal stress during shear-visualiza-
tion test for dry specimen (points AD correspond with the points shown in Fig. 5).
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Fig. 7. (a) Strain ellipse deformation and (b) angle change of maximum principal
stress axis (points AD correspond with the points shown in Fig. 5).
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at 2.30 mm shear displacement. Meanwhile, the normal stress that
was applied up to 0.7 MPa slightly declines in the early stages of
shear displacement, and then from 0.23 mm shear displacement it
begins to gradually increase to the peak. The normal stress reaches
its peak later than the shear stress. In addition, the relationship
between shear stress and normal stress is plotted in Fig. 6. The
stress path shows a circular arc from the point A to the point C, and
then draws the straight line between the point C and the point D.
Note that the normal stress was not servo-controlled in this study.
In Fig. 7a, the strain ellipses for each point AD are presented.
Here, solid circles and dotted circles indicate the strain ellipses and
the primary condition, respectively. The strain ellipse is expanded
in the X-direction by the primary normal stress at the point A. At
this time, the angle of maximum principal stress axis isapproximately 01 (Fig. 7b). In the ﬁgure, the direction of 01 (Y-
axis) corresponds to the direction of normal stress, and the
positive value means that the axis of maximum principal stress
rotates clockwise. With the shear deformation, the maximum
principal stress axis rotates about 561 at the point B, and keeps
the angle until the point C. As the stress turns into the residual
strength, the angle gradually reduces (rotates counterclockwise).
3.1.3. Observation of fractured specimen
After the shear-visualization test, new fractures on both top
and bottom surfaces of specimen were conﬁrmed. However, a
speciﬁc part in which the strain gauge attached had little fractures
because of the strength difference between the specimen and
bond (i.e. the bond strengthened the attached portion of speci-
men). We estimated the shear strain on specimen surface using an
image processing (template matching method [31,32] or cross-
correlation method [33]). We used a mathematical computing
software (MATLAB; MathWorks, Inc.) for this work. The result
showed that the shear strain was mostly concentrated near the
created fractures of specimen and the other portions were barely
shear deformed. After the test ﬁnished, we released the shear
loading and normal loading carefully then disassembled the shear-
normal loading unit. In addition, we investigated the CT images of
the fractured specimen. The CT images were prepared using
Microfocus X-ray System (HMX225-ACTIS+2, at: Tesco Corpora-
tion, Japan). According to the CT images in the Y–Z planes,
fractures perpendicular to the Z-axis were also identiﬁed. Due to
this reason, the specimen surface was ﬁnally expanded in the
direction of Z-axis. We could observe this phenomenon with the
naked eye and CCD monitor during the test. The expansion of
specimen surface occurred particularly between the point C and
the point D in Fig. 5.
3.2. Shear-ﬂow-visualization coupling test
3.2.1. Specimen preparations and experimental procedure
A rectangular parallelepiped specimen was prepared for the
shear-ﬂow-visualization coupling test. The size of specimen and
drying-cooling process are the same with the case of shear-
visualization test. The specimen was saturated by a water satura-
tion chamber (−0.1 MPa, 24 h). And then, in order to avoid water
leakage during the test, it was coated with silicone rubber except
for the top and bottom surfaces. It was saturated again after the
silicone rubber coating. The experimental procedure can be
summarized as follows: (i) setting the specimen into the shear-
normal loading unit, (ii) starting the water ﬂow test and the digital
image recording, (iii) applying a prescribed normal stress (0.0 MPa
for the present test), (iv) standing by until the normal load
becomes stable, (v) applying the shear load (rate, 0.05 mm/min).
The shear load continued until the shear stress reaches about 50%
of the peak in the post-peak region.
3.2.2. Shear-ﬂow coupled behavior
The result of the shear-ﬂow-visualization coupling test for an
intact saturated specimen is presented in Fig. 8. With the shear
displacement, both shear stress and normal stress gradually
increase. However, the normal stress reaches its peak later than
the shear stress. Such a behavior was also observed through the
shear-visualization test with an intact dry specimen. The ﬂow rate
(hereafter total ﬂow rate Qt) which is obtained using the electronic
balance shows a slight decrease up to 0.79 mm of shear displace-
ment, and then turns to increase. The increment of Qt continues
even after the peak of shear stress, whereas the gradient of the Qt
decreases gradually as the stress becomes close to the residual
strength. The dashed lines in the ﬁgure indicate each speciﬁc point
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Fig. 8. Shear-ﬂow coupled behavior during shear-ﬂow-visualization coupling test
for intact saturated specimen [(1) experiment starting, (2) beginning of the elastic
behavior in shear stress, (3) yield point of shear stress, (4) peak point of shear
stress; 5–8: 90, 80, 70, 55.5% of peak shear stress in the post-peak region].
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shear stress (shear displacement 0.57 mm, 32.4% of the peak shear
stress), (3) yield point of shear stress (0.99 mm, 90.4% of the peak),
(4) peak point of shear stress (1.17 mm, 0.40 MPa), (5) 90% of the
peak (1.35 mm), (6) 80% of the peak (1.47 mm), (7) 70% of the peak
(1.67 mm), (8) 55.5% of the peak (2.05 mm). The initially applied
normal stress was 0.0 MPa for the present test.
3.2.3. Observation of specimen surface
CCD images of specimen surface during the test were obtained
using the digital image recording unit. In Fig. 9a, the digital images
at each point are shown. The numbers in this ﬁgure indicate the
corresponding points in Fig. 8. The visible fractures on specimen
surface start to appear around the yielding point of shear stress
(point 3). Fig. 9b shows digital sketches of the fractures on
specimen surface. The original digital images were enlarged three
times when they were digitally sketched. Tension fractures due to
the shear deformation are conﬁrmed as shown in Fig. 9b-3. The
initiated fractures are continuously propagating even after the
peak of shear stress (Fig. 9b-4 and 5). On the other hand, during
the points 6–8, the fracture aperture (or area) is gradually widen-
ing with few creation of extra fractures (Fig. 9b-6–8). This
observation result of specimen surface is in good agreement with
the shear-ﬂow coupled behavior as described above.
3.2.4. Deﬁnition of fracture ﬂow rate
The specimen used in this study has high permeability on the
initial conditions even though it does not have any visible
fractures before the test. To identify a fracture initiation during
the test, three terms of ﬂow rate were deﬁned in this study:
Qf¼Qt−Qmin, where Qt is the total ﬂow rate, which is obtained by
measuring water output using the electronic balance. It includes
both ﬂows through the fracture and matrix of specimen. Qmin is the
minimum ﬂow rate during the test. It is smaller than the initial
ﬂow rate of specimen. Qf is the ﬂow rate through the fracture. It is
specially named as fracture ﬂow rate in this study. According to the
preceding researches [16,34] about intact specimen, a ﬂow rate(permeability or porosity) decreases during the early stages of
deformation due to the closing of pore space and cracks that are
perpendicularly oriented to the load direction. In our study, the
same phenomenon was also observed during the early stages of
shear displacement as shown in Fig. 8 (during the points 1–3).
The point of Qmin appeared after 0.79 mm of shear displacement
before the point 3 at 0.98 mm of shear displacement. We assumed
that the new fractures initiated after the point of Qmin. Thus, the Qf
can be deﬁned only after the point of Qmin.
3.2.5. Estimation of fracture area
The estimations of fracture area Af were carried out using the
digital sketches of fractures (Fig. 9b). The total numbers of pixels
included in the digital sketches were counted by using the image
processing software (Scion Image, Scion Corporation). The area of
one pixel is about 0.0173 mm2. This work was repeated three
times for each sketch and then the mean value was taken as an Af.
In Fig. 10, the relationship between Qf and Af is shown. Point
4 represents the peak of shear stress and the bars indicate the
maximum and minimum values of the three fracture areas that
were obtained from the repeatedly performed estimations. It is
clear that the Qf of the specimen during the shear-ﬂow-
visualization coupling test is not linearly related with the Af. Note
that we empirically obtained the non-linear relationship between
Qf and Af using the real fractures.4. Discussion
4.1. Cubic law and Reynolds number
For several decades, water ﬂow through rock fractures has been
commonly modeled by applying the cubic law [35–37]. If the water
ﬂow is steady, straight and isothermal, the cubic law can be
expressed by the following equation:
Q
Δh
¼−W
L
ρg
12μ
ðehÞ3 ð1Þ
where Q is the ﬂow rate of water passing through two smooth
parallel plates, Δh is the piezometric head, W is the width of plate,
L is the length of plate, ρ is the ﬂuid density, g is the acceleration
due to gravity, μ is the ﬂuid viscosity and eh is the distance
between the two plates (hydraulic aperture). The cubic law can
be applied based on the assumption of laminar ﬂow. Thus, it is
necessary to conﬁrm whether the ﬂow during test is laminar. For
this, Reynolds number Re is normally used. It is a dimensionless
number that is obtained from the ratio of inertial forces to viscous
forces [38,39]. Witherspoon et al. [35] explained the generalized
equation of Re using the hydraulic diameter D that is equal to four
times of the hydraulic radius b (D¼4b), introducing the friction
factor Ψ [40–42]
Re¼ Dvρ
μ
ð2Þ
Ψ ¼ DΔh
v2=2g
ð3Þ
where v is the ﬂuid velocity. The cubic law for laminar ﬂow in
open fracture can be simply modiﬁed as below:
Ψ ¼ 96
Re
ð4Þ
where the friction factor Ψ depends on the shape of the fracture
surfaces.
Various research projects have been conducted on water ﬂow
through rock fractures. For example, Lomize [40] introduced the
concept of deﬁning the roughness of fracture and also considered
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Fig. 9. (a) CCD images at each point and (b) digital sketches of visible fractures (numbers correspond with the points shown in Fig. 8).
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sides. Iwai [43] presented the effect of cyclic loading on perme-
ability of tension fracture in granite. However, it is still difﬁcult to
judge whether the ﬂow through rock fractures is laminar or
turbulent because the fracture shape changes irregularly during
the test, especially when shearing and dilation occur. According toZimmerman et al. [44], there is a “weak inertia regime” for
Reynolds numbers in the range of 1–10, in which the non-Darcy
pressure drop varies with the cube of the ﬂow rate. At Reynolds
numbers above about 20, both the simulations and experiments
exhibit a Forchheimer-type [45] regime, in which the non-Darcy
pressure drop is quadratic in the ﬂow rate. In our study, the
maximum Re was about 24 at the point 8 with assumption;
D¼2eh.
4.2. Fracture ﬂow rate and fracture area
We concluded the non-linear relationship between the fracture
ﬂow rate Qf and the fracture area Af in Section 3.2.5. Here we
discuss the cubic law and the two parameters. The relationship
between Qf and Af on a log–log plot is shown in Fig. 11. Filled
circles indicate that the visible fractures on the specimen surface
are not connected (points 3 and 4) and open circles indicate the
fractures are connected (points 5–8). Fitting result of the open
circles shows almost linear relationship. Interestingly, the gradient
of the ﬁtting line is about 3 as shown in the ﬁtting equation.
However, it is not clear whether this result is associated with the
cubic law. Another interesting result is the point 4, which indicates
the peak of shear stress is located on the ﬁtting line. There might
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water ﬂow property after the peak shear stress. On the other hand,
the point 3 is located far from the ﬁtting line. It means that this
point indicates a starting of new fractures or in the early stages of
crack propagation.4.3. Hydraulic aperture and area-converted aperture
The hydraulic aperture eh in this study was obtained by
substituting Qf for Q in Eq. (1) and assumingW¼W’ (W’: specimen
length 60 mm). In Fig. 12, the relationship between eh and Af is
shown. The ﬁtting line is generated by ﬁve points (4–8), not
including point 3. The ﬁtting result shows a linear and directly
proportional relationship between eh and Af. Especially, the
extended ﬁtting line is passing through the origin of coordinate.
It implies that the values of Af were appropriately obtained
because it is natural for a non-fractured specimen.
We deﬁned another fracture aperture by dividing Af by W’. This
fracture aperture was named as area-converted aperture ec in this
study to make a difference to mechanical aperture. From Fig. 12, a
linear and proportional relationship between eh and ec can be
easily guessed. It can be expressed as below equation
eh ¼ 0:1151ec−0:0008 ð5Þ
As shown in Eq. (5), ec is about 8.7 times larger than eh within
the points 4–8. In addition, the changes of ec and eh with shear
displacement are presented in Fig. 13. These behaviors are similar
with the result of a preceding research [46] about the mechanical
aperture and hydraulic aperture. They reported that the increase
of mechanical aperture was greater than that of hydraulic apertureafter passing the peak shear stress. Further work is needed to
determine the exact relation between ec and mechanical aperture.
4.4. Estimation of normal displacement
An image processing technique called the template matching
method [31,32] was used to estimate the normal displacement of
specimen instead of installing a LVDT in the Y-direction. In Fig. 14,
an example of template matching result is shown. For the
template matching, two digital images (before and after shearing)
are used to measure the displacement of each template. In the
ﬁgure, shear fractures at point 4 (Fig. 9) are conﬁrmed in the left
middle of specimen. Here, dark squares arranged in two rows
indicate the positions of templates before the shearing, and light
squares indicate the displaced positions of them after the shearing.
The obtained displacement vector can be divided into two direc-
tions (X and Y). In this study, we used only the Y-directional
displacement to obtain the normal displacement (or fracture
opening). It was specially named as local normal displacement
(hereafter LND). Ten paired templates between upper and lower
rows were used to calculate the LNDs. Then, mean of the 10 values
was taken as a mean LND. The relationship between LND and
shear displacement is presented in Fig. 15. The bars of mean LND
indicate the maximum and minimum among the calculated ten
values. The normal stress behavior (solid lines) and each point
(dashed lines) are added. The LND begins to be measured between
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3 and 4. The increasing gradient of LND changes between the
points 4 and 5. It increases constantly with almost the same
gradient during the points 6–8. The tendency of LND coincides
with the process of the fracture initiation and propagation in each
point of the test. This result implies that the LND can be used to
express the shear-ﬂow coupled behavior of intact rock. Note that
the LND includes not only the pure normal displacement (fracture
opening) but also the deformation of matrix within the two
template rows. According to the checks of error between LVDT,
micrometer and template matching result in the past, the error of
the image processing is within 0.1 mm that is almost same with
the length of one pixel (0.1315 mm).
As a ﬁnal remark, the relationship between fracture ﬂow rate Qf
and newly deﬁned fracture apertures (ec and LND) is presented in
Fig. 16. The hydraulic aperture eh is also plotted with solid line for
reference. The LND values in the early stages of shear displacement
are omitted in this graph because it is considered the fractures
initiate after the point of Qmin. This graph shows three signiﬁcant
features as follows: (i) the ec has linear relationship with the Qf in
the post-peak region (ﬁtting line), (ii) the LND has non-linear
relationship with the Qf near the ec ﬁtting line. During the points
6–8 it shows linear correlation but the gradient is clearly different
with the ec ﬁtting line, (iii) ﬁnally, the ec and the LND become
identical at the point 8. Regarding the ﬁrst feature, the gradient of
ec ﬁtting line is almost the same with that of the eh ﬁtting line that
expresses the cubic law. To understand the possibility that the ec isin relation with eh, further study is still required. For the second
feature, considering the change of gradient in LND in the post-
peak region (especially for the points 6–8) the mean LND increases
only 0.11 mm with 0.58 mm increment of shear displacement
(Fig. 15). The ec increases about 0.28 mm for the same shear
displacement. On the other hand, the normal stress decreases
only about 0.02 MPa with 0.10 MPa reduction of shear stress
(Fig. 8). Roughly speaking, only the Qf was increased under the
conditions of constant normal stress and constant normal dis-
placement during the points 6–8. This behavior can be explained
by the strike-slip fault [47] or the step structure model [48].
Moreover, the same type fractures were also conﬁrmed from the
shear-visualization test with a dry specimen. As shown in Fig. 17,
the area of fracture (arrowed) enlarges in shearing direction under
the condition of constant normal displacement. It reveals that
measuring of the normal displacement from outer wall of speci-
men is not enough to investigate the correlation between the
behavior of internal fractures and the change of hydraulic prop-
erty. Regarding the last feature, more research is needed to discuss
in detail. However, it is interesting to note that the fracture
apertures from two approaches, estimating fracture area and
measuring template displacement eventually become identical
especially near the residual strength region.5. Conclusions
This paper introduces a new type shear-ﬂow coupling test
apparatus named coupled shear-ﬂow-visualization apparatus and
describes its data analysis. The motivation of apparatus develop-
ment is to investigate the hydromechanical properties of intact
soft sedimentary rock during shear deformation. The direct shear
test and ﬂow test can be carried out simultaneously with the
developed apparatus. It is also possible to directly observe the
specimen surface during the test. Moreover, fracture area and
H. Park et al. / International Journal of Rock Mechanics & Mining Sciences 63 (2013) 72–8180fracture aperture can be estimated using image processing tech-
niques. The experimental results and data analysis can be sum-
marized as follows:1. Shear stress and normal stress gradually increased in the
early stages of shear displacement. However, the normal stress
reached its peak later than the shear stress. Such a behavior
was conﬁrmed in both dry and water saturated specimens.2. Total ﬂow rate slightly decreased up to the point, about 62% of
shear strength, and then it turned to increase. The increment of
total ﬂow rate continued even after the peak of shear stress,
whereas the gradient of total ﬂow rate gradually decreased as
the residual strength closer.3. According to the digital image investigation of specimen sur-
face, it was possible to conﬁrm the fracture initiation around
the yield point of shear stress. However, the fractures were not
completely connected at the peak point of shear stress. It gives
an explanation of the total ﬂow rate behavior, which increased
even after the peak of shear stress.4. Estimation of fracture area using digital images and image
processing enabled to obtain the relationship between fracture
ﬂow rate and fracture area, which was non-linear. However, the
gradient of the ﬁtting line on a log–log plot was about 3.
Further study is required to verify whether the cubic law is
applicable to this testing method.5. Comprehensive study of hydraulic aperture eh estimated from
the fracture ﬂow rate, area-converted aperture ec calculated
from the fracture area and local normal displacement (LND)
obtained from the image processing revealed that the geometry
information of fractures must be considered when we investi-
gate the hydromechanical properties of rock material.Acknowledgments
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